Abstract A lab-scale Rotating Biological Contactor (RBC) was operated with the purpose of oxygen-limited (autotrophic) nitrification-denitrification of an ammonium-rich synthetic wastewater without Chemical Oxygen Demand (COD). Based on the field observations that RBCs receiving anaerobic effluents come to anoxic ammonium removal, the RBC was inoculated with methanogenic sludge. Some 100 days after the addition of the anaerobic sludge to the reactor as a possible means of a rapid initiation of the nitrogen (N) removal process, a maximum ammonium removal of 1,550 mg N m -2 d -1 was achieved. Batch tests with 15 N labeled ammonium and nitrite indicated that a large part of that N was removed via oxygen-limited oxidation of ammonium with nitrite as the electron acceptor. The other part was removed via conventional denitrification, presumably with COD released from lysis of cells. Species identification of the most abundant microorganisms revealed that Nitrosomonas spp. were the dominant ammonium-oxidizers in the sludge. Thus far, the molecular characterization of the sludge could not show the presence of Planctomycetes among the most dominant species. Overall this experiment confirms the property of the RBC system to remove ammonium to nitrogen gas without the use of heterotrophic carbon source.
Introduction
Different researchers have reported significant N losses in highly loaded biofilm systems (Binswanger et al., 1997; Siegrist et al., 1998) . These losses could not be explained by heterotrophic denitrification, because of a lack of degradable organic carbon in the incoming wastewater. A possible explanation could be that autotrophic nitrifiers oxidise part of the NH 4 + to NO 2 -with O 2 as the electron acceptor in the outer, aerobic layers of the biofilm thereby producing the reaction partner for anoxic ammonium oxidation to N 2 in the deeper, anoxic part of the biofilm (Siegrist et al., 1998; Helmer et al., 2001) . Kuai and Verstraete (1998) found N losses in a nitrifying system at oxygen limitation, and provided evidence that regular nitrifiers are also capable of completely removing N in a so-called Oxygen Limited Autotrophic Nitrification Denitrification (OLAND) system. This was also shown in pure Nitrosomonas spp. cultures (Bock et al., 1995) . Of course, the conversion in the RBC biofilm could also be due to Brocadia anammoxidans as described in the ANAM-MOX (ANoxic AMMonium OXidation) process (Jetten et al., 1999) or related bacteria found in other biofilm systems (Schmid et al., 2000) .
Unfortunately, thus far systems oxidatively removing NH 4 + to N 2 via mechanisms not requiring organic carbon appear to be difficult to start up and moreover, require start-up periods of 6-12 months. The aim of this work was to start up a RBC reactor for the autotrophic nitrification-denitrification of an ammonium-rich wastewater without COD. Because the phenomenon of the N loss most frequently occurs in reactors treating anaerobic effluents (high NH 4 + concentration, low COD/N ratio), in this work anaerobic sludge was added to a lab-scale RBC reactor. This addition had a double aim: (1) it released an amount of cell-COD through lysis, which provided the present heterotrophs with some slowly degradable organic matter, thus enabling some conventional heterotrophic denitrification; (2) some of these anaerobic bacteria could play a direct or indirect role in the N removal process. The hypothesis examined in this work is whether or not a combination of substantial amounts of nitrifying bacteria, grown as a biofilm on the RBC-plates, with anaerobic granular biomass could create a niche for oxygen-limited ammonium removal. Such initial inoculation could provide a rapid and practical method to start up the microbial biocatalytic action to remove NH 4 + as N 2 by means of autotrophic nitrification-denitrification.
Materials and methods
The lab-scale RBC reactor
The RBC reactor used in this experiment is described in detail in Pynaert et al. (submitted) . The reactor has a total water volume of 44 l and has 40 polyvinylchloride (PVC) discs, with a total surface area of 5.84 m 2 . During the experiment, 50% of the disc surface was submerged for optimal OLAND conditions.
Start-up phase of the reactor
During the first months, the limited amount of oxygen and rather high working temperature of 26 ± 1°C selected for ammonium oxidizing bacteria, resulted in a high production of nitrite. During this period, only small deficits in the order of 10-15% were measured in the N balance. After this nitrification period, some easily degradable COD (methanol) was added to the influent for the purpose of increasing the biofilm thickness so that the nitrifiers were even more oxygen-limited. This action also diversified the microbial community, increasing the possibility of interspecies cooperation for N removal. The results of these periods are also described in full in Pynaert et al. (submitted) . Hence, in a subsequent period, attempts were made to accentuate the oxygen limitation on the existing nitrifiers.
N removal in the RBC after addition of anaerobic sludge
An amount (~15 l) of anaerobic, granular sludge from a potato processing factory (Waregem, Belgium) was added to the reactor and COD addition via the influent was discontinued. The composition of the synthetic wastewater was as follows (l -1 ): 533 mg NH 4 + -N as (NH 4 ) 2 SO 4 , 3 g NaHCO 3 , 30 mg KH 2 PO 4 and 2 ml of trace element solution (Kuai and Verstraete, 1998) . The reactor characteristics are described in Table 1 , for two periods A and B with different N loading rates. The feed was added during five minutes per hour, was stored in a refrigerator at 4°C to avoid change of composition prior to feeding, and had a pH of 7.7.
Identification of N transformations with 15 N labeled N
On day 170, a batch test with RBC sludge was performed to unravel the mechanism of the N loss. Septum-capped glass bottles with a total volume of 222 ml, containing 0.36 g Volatile Suspended Solids (VSS) biofilm sludge from the RBC reactor, were filled with 175 ml feed solution containing 17.5 mg of both NH 4 + -N and NO 2 --N as the only N sources. Bicarbonate, phosphate and trace elements were added in the same amounts as in the reactor feed. The filled bottles were then helium-flushed till anoxic conditions (DO < 0.1 mg l -1 ) and incubated at 27°C and pH 7.5. In a first incubation ammonium was labeled (10 atom % 15 N), while in a second incubation nitrite was labeled (10 atom % 15 N). The 15 N enrichment ( 15 N content) of the ammonium and the nitrite pool (as N 2 O) and the ion currents at masses 28, 29 and 30 of the biologically produced N 2 gas were measured using a Continuous Flow Isotope Ratio Mass Spectrometer (CF-IRMS) coupled to an ANCA-TGII unit (PDZ Europe, UK). Ammonium was converted to N 2 O using the Rittenberg reaction and a protocol adapted from Saghir et al. (1993) . Nitrite was converted to N 2 O according to Stevens and Laughlin (1994) . N 2 and N 2 O were measured using gas chromatography.
Chemical analyses

Concentration of NH 4
+ -N was determined colorimetrically with Nessler reagents according to Standard Methods (APHA, 1992). Both NO 2 --N and NO 3 --N were measured spectrophotometrically according to Montgomery and Dymock (1961) and by using a Dr Lange LCK340 test kit (ISIS 9000, Dusseldorf, Germany), respectively. The pH was determined potentiometrically with a digital, portable pH meter (Knick, portamess 751). The DO was measured with a digital, portable DO meter (COS 381, Endress-Hauser, Belgium). COD, VSS and Total Suspended Solids (TSS) were determined according to Standard Methods (APHA, 1992).
Results and discussion
General experimental results of the RBC after addition of the anaerobic sludge Because the N losses in literature have most frequently been observed in reactors treating anaerobic effluents, it was decided to add anaerobic sludge to the RBC reactor as a possible approach to start up the biocatalytic action of the autotrophic N removal process. Figure 1 shows that there was indeed a significant influence of the anaerobic sludge on the N balance in the reactor. Two periods with different N loading rates are distinguished (A and B). The first 10 days, the NO 2 --N concentration dropped from about 400 mg l -1 to about half this value. A few days later, it continued to decrease until day 28 where all remaining oxidized N consisted of NO 3 --N. However, the total amount of inorganic N in the effluent did not change much. During period A, an average of 563 mg N m -2 d -1 was removed. This was probably due to denitrification with COD coming from the easily degradable fraction of the anaerobic sludge. Because there was still 200 mg NH 4 + -N l -1 in the effluent, the NH 4 + -N concentration in the influent was decreased from 533 to 400 mg l -1 , to achieve full nitrification (period B). As a result, the NH 4 + -N concentration in the effluent dropped, but it was interesting to see that the total N in the effluent decreased with some 200 mg N l -1 . This means that the NH 4 + oxidation capacity of the reactor increased from on average 1,450 to 1,700 mg NH 4 + -N m -2 d -1 . Furthermore, starting from day 100 (where the NH 4 + -N concentration was lower than 4 mg l -1 ) the total N in the effluent continued to decrease, with a maximum removal of 1,550 mg N m -2 d -1 . Both the NH 4 + -N and NO 2 --N remained very low, whereas the NO 3 --N continuously decreased. Siegrist et al. (1998) measured an increase in N removal after they had increased their NH 4 + -N load. They concluded that the nitrogen removal already appeared to be partly limited below 100 mg NH 4 + -N l -1 and this was because O 2 could penetrate deeper in the biofilm. For the RBC reactor described here, an equilibrium was reached between aerobic and anoxic ammonium removal, even at very low NH 4 + -N concentrations. Whether this N removal is a direct or an indirect consequence of the addition of the anaerobic granules remains to be examined in more detail. On day 130 an electrical failure caused a decrease in the N removal. Part of the biomass seemed permanently inhibited, probably due to a combination of deep O 2 penetration and dry-out of cells.
In the 70-day period following this technical failure, the reactor operated at steady-state conditions and removal. On average 210 mg N l -1 was removed, that is 900 mg N m -2 d -1 . During that period, the COD released from the decomposition of the anaerobic sludge could not have been sufficient to explain the N loss in the reactor. Presumably, the processes of conventional denitrification and autotrophic nitrification-denitrification were occurring simultaneously. The assumption is that ammonium is partly oxidized to nitrite/nitrate in the outer part of the biofilm, and that nitrite is used in the deeper parts as an alternative electron acceptor to oxidize the rest of the ammonium, was also hypothesized by Helmer et al. (2001) . Simultaneous denitrification with some available COD cannot be excluded. Which microorganisms are responsible for what part of the nitrogen removal is yet to be determined, but several hypotheses are possible. The addition of the anaerobic sludge also caused a shift in the microbial community of the biofilm (results not shown). Nitrosomonas spp. were the dominant ammonium-oxidizing bacteria observed after DNA cloning and sequencing and most likely responsible for the aerobic oxidation of the NH 4 + in the outer part of the biofilm. Although the nitrification was complete (to NO 3 -) no nitrite-oxidizer was detected amongst the dominant species of the biofilm. Probably these bacteria were present in lower numbers. Although no evidence can be given, it is possible that the Nitrosomonas spp. are also present in the deeper, anoxic parts of the biofilm and are responsible for the oxidation of ammonium with nitrite as electron acceptor as already stated by a number of authors (Bock et al., 1995; Kuai and Verstraete, 1998) . A similar type of N removal was given the name aerobic (Hippen et al., 1997) and later aerobic/anoxic de-ammonification (Helmer et al., 2001) . Detailed analysis of the removal process in the biofilm of the RBC described in Siegrist et al. (1998) oxidizing and nitrite-oxidizing bacteria were dominant in the upper 100-200 µm of the biofilm and that in the deeper layers NH 4 + and NO 2 -were removed simultaneously similar to the Anammox process (Koch et al., 2000) . Unknown microorganisms were detected, some of them similar to the Anammox organisms. In the biofilm of the RBC reactor described here, none of the dominant microorganisms could, by means of DNA cloning and sequencing, be related to the Anammox species Brocadia anammoxidans. However, this does not exclude the possibility that these bacteria were present and growing slowly in the biofilm, independently of the anaerobic sludge, and only became active after 10 months of operation. Therefore, molecular probes targeting the Planctomycetes (or if possible Brocadia anammoxidans or Kuenenia stuttgartiensis) should be applied to the RBC sludge using Fluorescent In Situ Hybridisation (FISH).
Identification of N transformations with 15 N labeled N in a batch experiment N elimination in the RBC reactor was partly due to denitrification using COD released from the sludge, but this could not explain the total N loss. To demonstrate that the biofilm was capable of oxidizing ammonium to N 2 under oxygen limitation, a cross labeling experiment was done with labeled ammonium and unlabeled nitrite in a first incubation, and unlabeled ammonium and labeled nitrite in a second incubation, both with biomass present on the discs at day 170. Using 15 N isotopes to unravel biological N transformation pathways in water treatment has already been done by different researchers (Poth and Focht, 1985; van de Graaf et al., 1997) . A combination of: (1) the measurement of the inorganic N compounds in solution and their 15 N enrichment, (2) differentiation of the processes involved via principles based on Barraclough (1991) , and (3) determination of the ratio of 28 N 2 / 29 N 2 / 30 N 2 in the gas phase, provided qualitative evidence to make a distinction between nitrification, conventional denitrification and coupling of ammonium and nitrite to N 2 .
Ammonium and nitrite were consumed simultaneously at a molar ratio lower than one (Figure 2 ). This ratio increased from 0.56 to 0.79 during the first two days. At the third day of incubation, the nitrite concentration was already very low, but still ammonium was further removed. Nitrate was mainly formed prior to flushing, because already some 18 mg NO 3 --N l -1 was measured after flushing. During the experiment there was only a very small increase in the nitrate concentration (Figure 2 ). The amount of N that was biologically removed, was recovered as N 2 gas (27.8 mg N 2 -N) and only trace amounts of N 2 O were K. Pynaert et al. 361 Time ( N 2 O-N) . Also an increase in CO 2 was measured, most probably resulting from conventional denitrification. The 15 N stable isotope of N was used as a label, which provided qualitative insight into the N transformations involved. In the first incubation -the one with the labeled ammonium -a 15 N enrichment of the nitrite pool could be measured, while in the second incubation -the one with the labeled nitrite -a 15 N dilution of the nitrite pool could be measured (data not shown). This clearly indicated that part of the ammonium was oxidized to nitrite, thus nitrification, even under oxygen-limited conditions. However, nitrification only could not account for the total ammonium consumption (8.5 mg NH 4 + -N). It was assumed that under these conditions ammonium was also removed with nitrite as electron acceptor.
Confirmation was given by analysis of the molecular mass of the produced N 2 gas, which showed a significant increase of the 29 N 2 / 28 N 2 ratio and the 30 N 2 / 28 N 2 ratio, when labeled ammonium or labeled nitrite was used (Figure 3) . At the beginning of the experiment, part of the ammonium was nitrified with oxygen that was probably still present within the biofilm pieces. Ammonium was also removed via coupling with nitrite, which was confirmed by the increase in the 29 N 2 / 28 N 2 ratio due to the coupling of labeled ammonium and unlabeled nitrite or vice versa. In the incubation with the labeled nitrite, the 29 N 2 / 28 N 2 ratio was higher than in the incubation with the labeled ammonium, indicating that denitrification of nitrite ( 15 NO 2 -+ 14 NO 2 -→ 29 N 2 ) was also involved. This simultaneous denitrification can also be seen from the increased 30 N 2 / 28 N 2 ratio of the produced N 2 gas in the incubation with labeled nitrite. Also, a slightly increased 30 N 2 / 28 N 2 ratio was noticed in the incubation with labeled ammonium, which could be explained by denitrification of 15 N enriched nitrite, originating from nitrified 15 N enriched ammonium (10 atom % 15 N). Qualitatively, this test showed that N removal performed by RBC biofilm sludge was a combination of conventional denitrification and ammonium oxidation with nitrite under O 2 limitation.
Conclusions
This study shows that it is possible to readily start a lab-scale RBC reactor to remove N from an ammonium loaded wastewater without COD. Within weeks after the addition of anaerobic sludge to the nitrifying RBC reactor, good N removal was achieved with stable reactor performance. The batch tests with 15 N labeled N indicated that the RBC biomass can use nitrite as an alternative electron acceptor for the oxidation of ammonium to N 2 under O 2 limitation. Knowledge of the exact biological mechanism and organisms involved in this biofilm process can shorten the start-up period and provide a process configuration which is easy to handle and cost-effective.
